Abstract The use of nanoparticles (NPs) can substantially improve the analytical performance of surface plasmon resonance imaging (SPRi) in general, and in DNA sensing in particular. In this work, we report on the modification of the gold surface of commercial biochips with gold nanospheres, silica-coated gold nanoshells, and silver nanoprisms, respectively. The NPs were tethered onto the surface of the chip and functionalized with a DNA probe. The effects of tethering conditions and varying nanostructures on the SPRi signals were evaluated via hybridization assays. The results showed that coupling between planar surface plasmons and electric fields, generated by localized surface plasmons of the NPs, is mandatory for signal enhancement. Silver nanoprisms gave the best results in improving the signal change at a target DNA concentration of <50 nM by +50 % (compared to a conventional SPRi chip). The limit of detection for the target DNA was 0.5 nM which is 5 times less than in conventional SPRi.
Introduction
Biosensors are innovative analytical devices based on the close integration between a biological receptor and a transducer. The bioreceptor is immobilized on the surface of the transducer and it is responsible for the selectivity of the system. The receptor recognizes the analyte in solution and binds it, generating an event sensed by the transducer. Different receptors coupled to a variety of transduction principles are available. Among receptors, we can distinguish between enzymes, leading to catalytic sensors, and receptors based on affinity interactions. Antigen-antibody reactions (immunoreactions), nucleic acids binding (DNA and/or RNA), aptamers and their ligands, lead all to AffinityBased Biosensors (ABBs). About the detection of the event, transduction can be electrochemical, gravimetric, optical, thermometric, etc. Therefore, different combinations among receptors and transduction principles result in a wide variety of possible analytical applications [1] [2] [3] [4] .
Since 20 years Surface Plasmon Resonance (SPR) has been applied to a variety of problems related to biochemistry, molecular biology, drug development, and analytical chemistry [5, 6] . Conventional SPR and its most recent advancement, SPR-imaging (SPRi), are more and more exploited for advanced applications aiming at fast, label-free, real-time multiplexed analysis of bio-interactions for clinical diagnostic as well as anti-doping analysis, where high sample throughput and fast analysis time are mandatory [7] . In particular, SPRi technique results to be a suitable asset for developing versatile DNA affinity biosensors [8, 9] : in fact, as we recently reported [10] , SPRi has been used in a variety of affinity systems, including DNA/DNA, DNA-binding protein, DNA and RNA aptamers/protein, antibody-antigen and carbohydrate/protein interactions. SPRi can eventually contribute to support membrane related studies [11] .
Among the analytical challenges behind SPR biosensing, increased sensitivity is of crucial importance. Recently, some authors have reported interesting improved detection limits by using catalytic activity of enzymes [12] . Alternatively, improved analytical performances in SPR based-sensing are obtained when using nanoparticles to enhance SPR signal [13] [14] [15] [16] . Metallic Nanoparticles (NPs) are nanoscale materials that possess optical and electronic properties opening new perspectives in the strategies for detections of biomolecules such as DNA, RNA, and proteins. Different approaches have been pursued to obtain higher sensitivity in optical SPR-based sensing. Most of them deal with nanostructures incorporated within sandwich-like assays, using NPs as mass enhancers or to obtain plasmon coupling. Interesting advances on the use of functionalized Au NPs in DNA biosensing strategies have been recently summarized [17] . Particular attention has been devoted to ultra-sensitive DNA detection, aiming at DNA sequence detection directly in genomic, unamplified samples, bypassing Polymerase Chain Reaction (PCR). Behind this work, excellent reviews that have given comprehensive summaries of updated processes involving DNA sensors and DNA microarrays have been also published [18] [19] [20] [21] [22] . Quantum dots were also used in SPRi immunosensors [23] .
More recently, applications of SPRi-based sensing have been reported for the detection of target sequences in real samples of genomic DNA from plants and human blood, in sandwiched gold NPs-based assays [24] . NPs were coated with streptavidin and further modified with biotinylated probes. In particular, a marker sequence of transgenosis was detected in genomic DNA samples carrying different amounts of genetically modified (GM) sequences (Roundup Ready soybean, RR) [25] . The same assay scheme was used for the detection of single nucleotide polymorphism (SNP), meaning the difference in one nucleotide, in samples from human genomic DNA extracted from lymphocytes to detect a mutation present in the globin gene, involved in thalassemia [26] .
Our group has recently explored the possibility to use NPs for improving analytical performances of SPRi-based sensing.
In particular in this work, different nanostructures were introduced in a SPRi biochip to be used in DNA sensing. In particular gold nanoparticles, silica-coated Au nanoshells and silver nanoprisms were synthesized and immobilized on gold surfaces and the efficiency in the amplification of the analytical signal was evaluated in a DNA biosensor.
First, NPs were synthesized and then covalently linked via dithiols on the gold chip surface, which could provide a simple and reliable platform for immobilization [27] , and finally nanostructured surfaces were functionalized with thiolated-DNA probes. The nanostructured surfaces have been characterized by scanning electron microscopy (SEM) and atomic force microscopy (AFM). Finally, hybridization experiments between the immobilized probe and its specific complementary target sequence in solution were performed and the relative sensor performances were evaluated, with the final aim of finding the best NP structure for improving the analytical performances of the sensor, mainly in terms of sensitivity.
Experimental

Immobilization
Immobilization Solution (IS) was a water solution 1 M KH 2 PO 4 (pH 3.8). Hybridization Solution (HS) was a water solution of 300 mM NaCl, 20 mM Na 2 HPO 4 , 0.1 mM EDTA, 0.05 % TWEEN®20 (Polyethylene glycol sorbitan monolaurate), pH 7.4. Solutions were prepared in MilliQ water. Reagents were purchased from Sigma Aldrich (www.sigmaaldrich.com/, Milan, Italy). All synthetic oligonucleotides were purchased from Eurofins MWG Operon (www.eurofinsgenomics.eu/, Germany). Nucleotide sequences were: TProbe (Testing Probe) 5′ HS-(CH2)6-GTGGTGTCACAGGAAGAGATT 3′ and the complementary TTarget (Testing Target) 5′ AATCTCTTCCTGTGA-CACCAC 3′. The TProbe sequence at its 3′ end maps the rs1045642 single nucleotide polymorphism (position 87138645 of the chromosome 7 on human ABCB1 gene), a variation in human genome related to the incidence of many diseases [28, 29] and drug resistance [30, 31] .
An unspecific sequence was used as negative control: 5′ HS-(CH2)6-GAGGGCGATGCCACCTAC 3′. The TTarget was removed from the hybrid with immobilized TProbe using a regeneration solution (RS) consisting in 100 mM HCl in MillQ water.
Nanoparticles (NPs)
Silver nanoprisms: trisodium citrate (>99 %), poly(sodium styrene sulfonate), sodium tetrahydridoborate (>99 %) and silver nitrate (>99 %) were purchased from Sigma Aldrich (www.sigmaaldrich.com/, Milan, Italy). Solutions were prepared in milliQ water. Silica-coated Au nanoshells: ammonium hydroxide (30 %) and sodium hydroxide pellets (>98 %) were from PanreacQuimica (www.panreac.com/, Spain). Tetraethylorthosilicate (TEOS) (>99 %), ethanol ultrapure p.a., milliQ water 18.2 MW/cm, tetrachloroauric acid (>99.9 %), tetrakis(hydroxymethyl)phosphonium chloride (THPC, 80 % solution in water), (3-Aminopropyl) trimethoxysilane ATPS (97 %), hydrochloric acid (37 %), formaldehyde (37 % w/w) were all from Sigma Aldrich-Fluka (www.sigmaaldrich.com/, Milan, Italy). Pentane (96 %) was from Riedel de Haen (www.riedeldehaen.com/, Milan, Italy), potassium carbonate p.a. was from Merck (www.merck.it/, Darmstadt, Germany). Gold nanoparticles: tetrachloroauric acid (>99,9 %) and trisodium citrate dehydrate (>99 %) were purchased from Sigma Aldrich-Fluka, (www.sigmaaldrich.com/, Milan, Italy). All solutions were prepared in MilliQ water.
Thiols and dithiols: 11-mercapto-1-undecanol (MU), 6-mercapto-1-hexanol (MCH), 1,8 Octanedithiol (ODT) and 1,4-Benzenedimethanethiol (BDMT) were purchased from Sigma (www.sigmaaldrich.com/, Milan, Italy).
Thiols and dithiols
11-mercapto-1-undecanol (MU), 6-mercapto-1-hexanol (MCH), 1,8 Octanedithiol (ODT) and 1,4-Benzenedimethanethiol (BDMT) were purchased from Sigma (www. sigmaaldrich.com/, Milan, Italy).
SPRi setup
SPRi-Lab + instrument was from GenOptics-Horiba Scientific (www.horiba.com/, USA). The opto-mechanical part of the instrument consisted in a light source emitting at 635 nm. Biochip were housed in a cell integrated with a fluidic system (PEEK tubing, Restek Corporation, www.restek.com/, 1/16″ OD×001″ ID) equipped with a Rheodyne valve (50 μL loop volume) and the continuous flow of HS was generated by a peristaltic pump (Miniplus 3, Gilson Inc., www.gilson.com/, USA) using accurate tubing from Elkay Laboratory Products (www.elkaylabs.com/, UK) orange/black, 0.015 cc·min 
NPs synthesis
Three different types of nanoparticles were synthesized: gold nanospheres, gold nanoshells and silver nanoprisms. Gold nanospheres were synthesized according to the Turkevich method [32] . Gold nanoshells have been grown on silica spheres [33] . Silver nanoprisms were synthesized with a seed-based method [34] . Details about the synthesis of the nanostructures are given in the Online Resource, together with respective UV-vis absorption spectra.
NPs and surface characterization
All nanoparticles suspensions were characterized by UV-vis spectrophotometry using a Perkin Elmer Lambda 900 (www.perkinelmer.com/). Gold nanospheres were 15 nm in diameter, the total diameter of the nanoshells were 150 nm and silver nanoprisms side was 40 nm. Nanostructured gold surfaces of SPRi biochips were characterized by SEM (Scanning Electron Microscope) and AFM (Atomic Force Microscope). Scanning electron microscopy experiments were carried out with a ZEISS Sigma FEG-SEM (www.zeiss.it/). Atomic force microscopy images were collected by means of a PSIA XE-100 (www.parkafm.com/) microscope in non-contact mode (NCHR probes, radius of curvature <10 nm).
Chip surface nanostructuring
NPs were immobilized onto the gold surface of SPRi biochips through a dithiol linker. To this aim, two different dithiols were tested 1,8-Octanedithiol (ODT) and 1,4-Benzenedimethanethiol (BDMT). Dithiols immobilization was carried out by applying a pre-punched PDMS mask to obtain a removable micro-welled (1 mm in diameter) support for the deposition of dithiols (concentration: 1 mM in MilliQ water, 0.8 μL/micro-well). After the deposition of the drops, the chip was placed into a moist chamber to which vacuum was applied for about 20 min to eliminate air bubbles from micro-wells and left into the moist chamber for 20 h, avoiding the drying of the immobilization solution. Finally, drops in micro-wells were aspired with micro-syringe and micro-wells were washed with MilliQ water. Control spots, where the unspecific sequence was immobilized, and blanks (bare gold) were also prepared on the biochip.
Nanoparticles suspensions were eluted in MilliQ water to a certain density ensuring the total coverage of the spot area (1 mm in diameter each). NPs were also alternatively diluted in 20%vol/vol ethanol or 5 % vol/vol ammonium hydroxide water solutions (pH~10). After that, silver nanoprisms, goldsilica core-shell NPs and gold nanospheres were covalently immobilized on the gold chip by depositing 0.8 μL onto different dithiolated micro-wells.
DNA probe immobilization on nanostructured SPRi biochips
Thiolated DNA probes (TProbe) were immobilized onto nanostructured surfaces, exploiting the affinity of sulphur for gold and silver. A 10 μM TProbe solution was prepared in IS and 0.8 μL were deposited in each micro-well and let react in the moist chamber for 20 h. Finally, after the removal of the PDMS mask, the prism was immersed in a Passivation Solution PS (1 μM 11-mercapto-1-undecanol, MU, and 1 μM 6-mercapto-1-hexanol, MCH, in MilliQ water) for 20 h to passivate the rest of the gold surface. Finally, the chip surface was rinsed with MilliQ water and housed in the instrument cell.
SPRi measurements on nanostructured surfaces
Calibration curves were obtained by injecting 100 μL of the complementary TTarget in HS, within the range of concentration 5 nM-250 nM. The immobilized TProbe was then regenerated from the hybridized TTarget after each measurement by RS solution for 30 s. All measurement cycles were performed at fixed angle of incident light (maximum slope of reflectivity curve), and the variation of intensity of reflected light due to the target interaction was monitored as SPRi signal.
Results and discussion
In this work commercially available SPRi biochips were modified with different nanostructures and tested for their potential use in enhancing the sensitivity of a SPRi-based DNA biosensor. The basic idea was to functionalize the gold layer of biochips with NPs through the covalent linking offered by dithiols. To this aim, the most suitable dithiol was selected and the nanostructures obtained with different NPs were studied. DNA sequences were immobilized on the obtained three nanostructured chip surfaces and the hybridization reactions with the complementary target sequence were evaluated by SPRi sensing. The rationale of this approach was based on the occurrence of two phenomena: i.e. the increase of the surface area available for sensing (due to the functionalization of the chip surface with nanostructures) and the electronic properties of the nanostructured surface. The nanostructuring of a flat surface, such as the one of the chip, carries to an increase of the surface area that could enhance the amount of immobilized DNA. At the same time, the presence of structures on top of the chip gold surface could result in non-optimized instrumental conditions, which are eventually re-established by adjusting the source-gold surface impinging angle. On the other hand, the sensitivity of SPRi biosensor could take advantage of the coupling between the planar surface plasmons and electric fields generated by localized surface plasmons. Recently, this approach has been successfully exploited in the functionalization with noble metal NPs of the interacting surface of a gold SPRi biochip [35] .
Nevertheless, many aspects are still to be optimized when introducing nanostructure onto the surface of commercial biochips. For this reason we decided to investigate the effect of the plasmon resonance wavelength of the nanostructures in relation to that of the chip gold surface, especially in terms of improvement performance. To this aim, the gold surface was therefore functionalized with three different nanostructures.
Silver nanoprisms were selected because of their surface plasmon resonance peak at 633 nm, almost matching the wavelength of the instrumental light source (635 nm).
On the other hand, the resonance of the plasmon of the gold nanospheres (Absmax=528 nm) is well separated from the resonance of the chip surface, while gold nanoshells (Absmax=588 nm) were selected as an intermediate case.
Nanostructuring procedures were optimized in terms of the best dithiol and solutions to be used to immobilize the NPs, i.e. MilliQ water, ethanolic, or ammonia solution. Nanostructured surfaces were compared to bare gold surface in terms of stability under HS flow and of the reflectivity curves.
In order to choose the best linker for the NPs, two different dithiols, BDMT and ODT, were tested. After NPs immobilization, reflectivity curves relative to different dithiol/NP combinations were compared. Nanostructures built on ODT dithiol did not show significant shifts in the resonance angle, contrary to BDMT. Shift observed in presence of BDMT points toward the coupling between planar surface plasmons and electric fields generated by localized surface plasmons of NPs, so BDMT was chosen as the best linker to be used for NPs immobilization.
Gold nanospheres and silica-coated Au nanoshells were successfully deposited by simply adding their water dispersions on top of the BDMT layer. The nanostructured biochip surface resulted stable under HS flow: in fact, no change in the plasmonic curves was recorded by the real-time CCD image of the spots after 48 h of continuous flow of HS (data shown in the Online Resource). This is consistent with the high affinity between sulphur and gold.
Nanostructuring with water dispersions of silver nanoprisms reflected the lower affinity between silver and sulphur, resulting damaged after 8 h of exposure to HS. Then, to perform successfully and steady a surface nanostructuring with silver nanoprisms, 5 % of ammonium hydroxide was added to aqueous dispersion of NPs (optimizations and data were shown in Online Resource). The success of optimization could be explained by the dithiol deprotonation in presence of ammonia solution that could promote the covalent binding with nanoprisms.
Among the studied nanostructures, nanostructuring with silver nanoprisms displayed the largest shift (0.51°, see Table in Online Resource), highlighting the coupling between the plasmon resonances of NPs and chip. These results showed that the position of the plasmon resonance peak of nanoparticles represented a useful parameter when designing a nanostructured biochip for SPRi.
The nanostructured SPRi biochip surfaces were investigated by SEM (Scanning Electron Microscopy) and AFM (Atomic Force Microscopy). In Fig. 1 , the images relative to the three different nanostructured spots are reported, together with bare gold spots as reference.
Gold nanospheres and silica-coated Au nanoshells appeared irregularly distributed on the dithiolated surface, forming large aggregates which could take to a loss of sensitivity of the SPRi biochip, possibly because of the distance from the sensing surface (due to aggregate thickness) and/or because the irregular distribution of the DNA probe immobilization, affecting the hybridization of the complementary TTarget. On the other hand, a homogeneous coverage was obtained with silver nanoprisms on dithiolated surface. The platelet-like shape of nanoprisms and their reduced thickness was of great help in the formation of a homogeneous and thin coating, which from a structural point of view, made nanoprisms the best candidate among the tested nanostructures in the design of highly sensitive SPRi biochips.
Once covalently bound to the chip surface, nanostructures were functionalized by coupling the thiolated TProbe on their surface. The effect of the different nanostructures was evaluated through the study of hybridization signals obtained by injecting the complementary TTarget onto nanostructured spots modified with TProbe, compared with those obtained from the same TProbe directly bound to the unmodified gold biochip surface. Signal intensities of the observed interactions were evaluated at different TTarget concentrations for the all three nanostructures. Negative control oligonucleotides solution was also assayed giving no significant signal. The results are summarized in Fig. 2 .
Both gold nanospheres and silica-coated Au nanoshells caused a loss of sensitivity of the system. In particular, nanoshells produced the strongest decrease on SPRi hybridation signals, probably because of the large distance between the probe and the sensing surface. Nanoshells were characterized by a diameter of about 150 nm, making the biochip surface insensitive (from the plasmonic point of view) to the hybridization taking place on the surface of the nanoshells. In the case of gold nanospheres, their size should not represent a problem, as long as a monolayer (or few layers) of NPs is deposited onto the chip surface. Unfortunately, as highlighted by the microscopy results, large aggregates were present on the surface, indicating that an accurate control of the deposition step is a prerequisite for the preparation of an efficient system. Finally, silver nanoprisms showed a significant improvement over the conventional approach for target concentrations lower than 50 nM (see Fig. 2 ): in fact, an enhancement up to 50 % in SPRi signals was recorded at 20 nM (see Fig. 3 ).
A calibration curve on silver nanoprisms nanostructure, in the linear dynamic range between 20 nM (LOL, limit of linearity) and 0.5 nM (LOD, limit of detection), was eventually obtained and reported in the Online Resource. LOD was 5 times smaller than that of nucleic acid biosensor based on conventional SPR imaging (2.5 nM) [8] .
The increased sensitivity could be explained by the analysis of the reflectivity curves (reflectivity vs. angle of incident light, reported in the Online Resource) of TProbe directly bound on gold and the corresponding tethered on the silver nanostructure.
In the case under study, the nanostructure produced a sharper reflectivity curve than the control spot one (probe on bare gold). As a consequence, for the same interaction on the sensing surface, variations of the resonance angle, corresponded to a greater variation of intensity of reflected light. To further analyze the increase in sensitivity obtained with silver nanostructures, one could eventually evaluate the first derivate in the inflection point of reflectivity curves, which corresponds to the measuring angle (inflection angle), both for bare gold and nanostructured surfaces. In particular, the fitting was achieved using a polynomial interpolation of the reflectivity curves which provided an excellent coefficient of determination (0.999) for both reflectivity curves. As results the first derivate in inflection angle of the silver nanostructured surface was 6.5 % greater than the one of bare gold surface. As consequence, for the same variations of angle in the neighborhood of the inflection angles, the variations of intensity of reflected light are greater for nanostructured surface respect to bare gold surface, explaining the increased sensitivity for the nanostructured DNA sensors.
Finally, the biosensor resulted to be usable with an excellent reproducibility (CV% <10) within the first 10 measurements cycles (TProbe-TTarget interaction and hybrid denaturation by TProbe regeneration with RS).
Conclusion
The surface of a commercial SPRi biochip was functionalized with nanostructures differing in terms of composition, dimension, and shape, but all showing a surface plasmon resonance peak in the visible range. Then, nanostructured surfaces were functionalized with DNA probe and the hybridization reaction between the immobilized probe and the complementary target DNA in solution was studied. A significant improvement of the SPRi sensitivity (below 50 nM target concentrations) and a decrease of LOD to 0.5 nM (5 times less than conventional SPRi one) was achieved, when silver nanoprisms were employed in gold surface nanostructure. These results showed that the morphology of the nanostructured coating, the tethering conditions and the electronic properties of the nanostructures were key factors in the engineering of nanostructured SPRi, showing that coupling between surface plasmon resonances of substrate and nanostructure was an effective approach to SPRi signal enhancement. Further enhancement of the analytical performances could be achieved by optimizing these aspects. This would allow a more sensitive label free direct detection of DNA, possibly bypassing DNA amplification, i.e. the PCR step, and reducing time and cost of DNA analysis. Therefore, nanostructured SPR biochips could be employed as platform for the study of DNA defects (i.e. point mutations, deletions and insertions), relevant in diagnostics and pharmacogenomics, through the development of fast, label free and ultrasensitive assays.
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